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1. INTRODUCTION

The purpose of this project is to develop a computer program that
will design and implement a recursive digital filter to meet user speci-
fications given as inputs to the program. The filter type is selected
from three well-known analog filter approximations: (1) Butterworth,
maximally flat; (2) Chebyshev, equiripple in the passband; and (3)
elliptic (or Cauer), equiripple in both the passband and the stop
band. For a low-pass filter, for example, the user specifies the filter
type, the filter order, the cutoff frequency, and the sampling rate.
High-pass, band-pass, and band-stop filters also may be chosen for
design.

The program calculates the poles and the zeros of the low-pass
filter in the analog s domain. The bilinear transformation technique is
then used to determine the coefficients of the transfer function in the
z domain. If a high-pass, band-pass, or band-stop filter is required,
then the coefficients are determined by a transformation in the =z domain
of the prototype low-pass digital filter whose coefficients have been
determined from an analog low-pass filter using the bilinear transforma-
tion.

After determining the coefficients of the digital filter transfer
function, a plot of the magnitude and the phase may be obtained if
desired by the user. A list of the coefficients also is printed.
Another option is to implement the f''ter as a system of linear differ-
ence equations and to process input data consisting of sample values at
any given sample rate through the filter. The filtered output data
points are then printed as output.

In summary, the program performs the following:

a. Calculates and prints the coefficients of the desired digital
filter.

b. Plots the magnitude and phase responses.

c. Implements the digital filter and processes data through the
filter.

d. Outputs the filtered data.

2. APPROACH

There are two general types of digital filters, recursive and non-
recurgsive. The output response of a nonrecursive filter is a function




of only the present and past values of the input excitation. A recur-
sive filter is one in which the present output response is a function of
the present and past values of the input, as well as past values of the
output.

As in analog filters, the approximation step in the design of digi-
tal filters is the process whereby a realizable transfer function satis-
fying prescribed specifications is obtained. To be realizable as a
recursive filter, a transfer function must satisfy the following con-
straints.

a. It must be a rational function of z with real coefficients.
b. 1Its poles must lie within the unit circle of the z plane.

c. The degree of the numerator polynomial must be equal to or less
than that of the denominator polynomial.

Recursive filter approximations can be obtained from analog filter
approximations by using the following methods, all of which satisfy the
above constraints:

Invariant-impulse~response method

Matched z transformation

Bilinear transformation

Each method has certain advantages and disadvantages.

2.1 Invariant-Impulse-Response Method

Given an analog filter transfer function, Hp(s), the invariant-
impulse-response method is implemented as follows:

a. Obtain the impulse response of analog filter HA(t).
b. Replace t by nT in Hp(t).

c. Form the =z transform of Hp(nT). This gives Hp(z), the
digital filter transfer function. T is the sample period = 1/fs.

This method gives good results if Hp(jw) = 0 for w > ms/z.
However, aliasing errors tend to restrict this method to the design of

all pole filters.

2.2 Matched z Transformation

Given continuous-~time transfer function
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a corresponding digital transfer function can be formed as

H M ( s,T)
L © '[L z-e’
H(z) = (z + 1) 2= ,

ﬁ (z - epiT)

i=1

where L is an integer equal to the number of zeros at s = « in Hp(s).
This method gives reasonable result: {or high-pass and band-stop fil-
ters, although it tends to distort the passtund ripple in Chebyshev and
elliptic filters. For low-pass and band-pass filters, better approxima-
tions can be obtained by using the modified invariant-impulse-response
method.!

2.3 Bilinear Transformation

The bilinear transformation method yields a digital filter with
approximately the same time-domain response as the original analog
filter for any excitation.

HD(Z) = HA(S)

N
]
-

"
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-

The bilinear transformation maps these:

a. The open right-half s plane onto the region exterior to the
unit circle |z| = 1 of the z plane

b. The j axis of the s plane onto the unit circle |z| = 1

c. The open left-half s plane onto the interior of the unit
circle

From property c it follows that a stable analog filter yields a
stable digital filter and, since the transformation has real coeffi-
cients, HD(z) has real coefficients.

1A, Antoniou, Digital Filters: Analysis and Design, McGraw=-Hill Book
Co., Inc., New York (1979).
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Digital filters obtained by the bilinear transformation do not |
suffer from the effects of aliasing. However, a nonlinear frequency
distortion is introduced because the transformation maps the entire jJjw
axis onto the unit circle (fig. 1).

7 PLANE
‘ UNIT CIRCLE 7 = pl@pT
. w,
E T = 1/fs = SAMPLING PERIOD
l
: woLs T 7 N\ w=0 wp = DIGITAL FREQUENCY VARIABLE
=20T

THE ANALOG FREQUENCY VARIABLE, w,, IS RELATED TO THE DIGITAL FREQUENCY VARIABLE, wo, THROUGH THE
BILINEAR TRANSFORMATION:

5y

— — — e —

* =
% I”A(lw “)If
— Wg. = PASSBAND UPPER LIMIT | —

w p. = STOP BAND LOWER LIMIT

e e o — e ] ———

]
W, W,

=y

Figure 1. Bilinear transformation.




If only the amplitude response is of concern, the warping
effect can for all practical purposes be eliminated by prewarping the
analog filter. For example, if a low-pass cutoff frequency of wpe 1is
desired for the digital filter, then the analog filter is first designed
for an unnormalized cutoff frequency given by

w = % tan wDCT)
AC T 2 /°

The phase response of the derived digital filter is nonlinear
because of the warping effect. Furthermore, little can be done to
linearize it except by employing delay equalization. Consequently, if
it is mandatory to preserve a linear phase response, alternative methods
should be considered.

The bilinear transformation is the most important of the tech-
niques used to obtain digital recursive filters from analog filters.
The passband and 1loss characteristics of the analog filter are pre-
served, and there is no aliasing effect. Frequency distortion is com-
pensated at Wpe s and the transfer function can be obtained by a
relatively easy transformation. For these reasons, the bilinear trans-
formation was chosen as the method of obtaining the digital filter
transfer function for this project.

2.4 Analog Filter Designs

The theory of analog filter approximations has been extensively
developed.l™

2.,4.1 Butterworth

The Butterworth approximation is the simplest all-pole type.
In the stop band, the attenuation characteristics monotonically decrease
as a function of frequency. The Butterworth filter is termed also a
maximally flat magnitude approximation in that the error in the passband
is also a monotonically decreasing function. The equations for calcula-
ting the pole locations are given in appendix A.

lA. Antoniou, Digital Filters: Analysis and Design, McGraw-Hill Book
Co., Inc., New York (1979).

2M. S. Ghausi, Principles and Design of Linear Active Circuits,
McGraw-Hill Book Co., Inc., New York (1965), ch. 4.

3u, Y.-F. Lam, Analog and Digital Filters, Prentice-Hall, Inc., Engle-
wood Cliffs, NJ (1979).

“p. E. Johnson, Introduction to Filter Theory, Prentice-Hall, Inc.,
Englewood Cliffs, NJ (1976),
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2.4.2 Chebyshev

A second approximation that improves on the rate of change of
the attenuation between passband and stop band over that of the Butter-
worth filter is the Chebyshev filter. The error in the passband is
distributed evenly in an oscillating manner. This is called an equi-
ripple approximation. 1In the stop band, the magnitude decreases mono-
tonically with a faster cutoff rate than that of a Butterworth filter of
the same order. The Chebyshev filter is an all-pole type and is based
on the nth-order Chebyshev polynomials, Cn(w).

cos (ncos ! w), 0<we 1,
Chlw) = -
cosh (ncosh™} ) , w> 1.

The recursion formula for finding the nth-order polynomial is

Colw) =1,
C1((—0) =w
Colw) = 2wC _,(w) - C _,(w .

The equations for calculating the pole locations are given in appen-
dix A.

2.4.3 Elliptic

The third type of filter approximation considered in this
report is called the elliptic approximation and was first introduced by
Wilhelm Cauer. This approximation is based on the Jacobi elliptic sine
functions. In this approximation, the error in the passband is again
distributed evenly in an oscillating manner. However, instead of a
monotonically decreasing characteristic in the stop band, the stop-band
attenuation oscillates between infinity and a prescribed maximum. Thus,
there is an equiripple characteristic in both passband and stop band.
The elliptic approximation is more efficient than the Butterworth and
Chebyshev approximations in that the transition between passband and
stop band is steeper for a given filter order. An elliptic €filter
transfer function has both poles and zeros and has been shown to be
optimal in the sense of having the sharpest transition of any approxi-
mation. The technique used to calculate the coefficients for the ellip-
tic filter is given in appendix A and was taken from the development by
Antoniou.l

la, Antoniou, Digital Filters: Analysis and Design, McGraw-Hill Book
Co., Inc., New York (1979).




2.5 Digital Filter Realization

There are two possible canonical forms of linear difference
equations that can be realized from the 2z domain transfer function,
H(z). One, the cascade form, follows from the factored form of H(z).
The other, the parallel form, requires the expansion of H(z) into
partial fractions. The parallel form was chosen for this project
because of its reduced sensitivity to noise.

Realization of a recursive digital filter in parallel form is
shown in figure 2.

H, ()
INPUT —-@—— H, (") | + OUTPUT
]
1 ]
: __/
H, (") '
! Agy + Ay 7
Hir) = z ok + Ak

k=1 1+B1kr'+02kz"

Figure 2. Recursive digital filter in parallel form.

2.6 Band Transformations

For this project, high-pass, band-pass, and band-stop filters
are obtained from the digital low-pass prototype by a transformation in
the z domain. Another approach is to design the analog low-pass proto-
. type, perform the transformation in the s domain to high pass, band
pass, or band stop, and then transform the resulting transfer function
to the z domain by the bilinear transformation.

The work of Constantinides® was used to develop the z domain

transformations. The equations are given in appendix A.

SA. G. Constantinides, Spectral Transformations for Digital Filters,
Proc. IEE, 117 (August 1970), 1585-1590,
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3. FORTRAN IV PROGRAM

3.1 Outline

A FORTRAN IV computer program was written using the equations
and the techniques discussed in section 2. The program was designed in
a modular form to allow for easy modification as required. The flow
chart of the program is given in figure 3. The main part of the program
is simply a controller that calls in subroutines as required. The
blocks in a column in the center of the flow chart are all in the main
program, and the blocks to the right or the left of center are separate
subroutines. For instance, if a different form of input data is re-
quired or a different output format is desired, then only the subroutine
dealing specifically with that function need be modified. If a differ-
ent analog design type or technique is to be used, it can be either
substituted for one of the existing three design types or added on by
extending a "“computed go to" statement in the main program.

All data are stored in labeled and unlabeled common areas of a
subroutine simply by including the proper common statement.

This program was developed by using an IBM System/370 com-
puter. The H Extended Plus FORTRAN compiler was used with the auto-
double option specified. This option doubles the overall precision
specified in the program. Maximum possible precision is used for all
the design calculations as well as in the implementation itself. This
precision is 16 bytes for real variables and 32 bytes for complex varia-
bles. The complete program listing is given in appendix B.

The flow of the program is straightforward because it begins at
the top and progresses without any diversions to the bottom of the

chart. The basic steps of the program and the general function of each
subroutine are as follows.

3.1.1 RDATA

After the program is initiated, it immediately calls the
RDATA subroutine. This subroutine reads in the necessary filter design
criteria and the data samples to be processed. Only batch processing of
data is possible with the existing program, but the conversion to real
time processing would not be difficult. The input data array is dimen-
sioned for up to 1000 amplitude points at the specified sampling fre-
quency. If only a filter design is required, then the number of data
points (NTIMES) is set equal to zero, and RDATA bypasses the input of
data to be processed. Setting NTIMES equal to zero bypasses also the

implementation subroutine. RDATA also prints out the design criteria
data for future reference.

The specific format required for data input is given in
section 3.2,

14
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[ START ]

[ CAT!BATA S m—— AoaTA |
[ WitI\P wy ]
L]

1

3 ~>[ BUTTER (A-2)
E CAUER (A-4) H CALL FILTER (I TYPE) |

2

——]—->r CHEB (A-3)

[ Facton as) j~¢1———:t CALL FACTOR jf

Y

{ CALL FPLOT |<———->| FPLOT (A-6) j
N Y
—|  TRANSFORMATION? j
f YES
1
CALL TRANS (ITRANS) WIGHP (A7)

2

L—a{  sanoP Ay
3

b BANDS (A-9)

[ FPLOT f—] CALL fﬁvwr s

-
YES NTIMES = 0 ?

y N
[ CALL FILIMP e FUMP (A1) |

T
[ o vlvm\m e PDATA ]

L END |

NOTE: NUMBERS IN PARENTHESES CORRESPOND TO SECTIONS IN APPENDIX A.

Figure 3. Recursive digital filter program.




3.1.2 WARP

The RDATA subroutine returns control to the main program,
which calculates the prewarped analog design frequency (WARP) and then
calls the appropriate analog design subroutine. The analog filter
subroutines calculate tihe poles and the =zeros (if any) of the squared
magnitude transfer function that 'i2 in the left half of the complex s
plane. The resulting transfer functi~n a*%~>r the right-half plane poles
and zeros are eliminated is of the f:im

(AMP) (s = z )(s = )+ - - (s - 2)

H(s) =

(s - P - p2) - . (s - p1) '

where Ei and Ei are complex conjugates of z, and p; {for all i). The
equations needed to calculate these poles and zeros are given in appen-
dix A and are derived as discussed in section 2.

3.1.3 FACTOR

The FACTOR subroutine is then called. FACTOR expands the
transfer function into partial fractions, If the numbers ~f poles and
zeros are equal, then this expansion has a constant gain equal to the
amplitude multiplier (AMP) of the transfer function. FACTOR then com-
bines the complex conjugate pairs and applies the bilinear transfor-
mation,

21~z 1
g = F —F—
T 1+ 271

’

to obtain the coefficients for the parallel second-order sections of the
digital filter. The general form of the resulting 2z domain transfer
function is®

H(z=l) = (1 + 271) Z

i=1

Agy *+ A1iz'1

’

1 + Byyz~! + Bpjz2

where r = n/2 for n even, r = (n + 1)/2 for n odd, and n is the order of
the filter. The coefficients A ir Bqir Byyo and By; are calculated by
FACTOR using the analog poles and zeros. If the order of the filter is
odd, then there is one real pole, so the Ay and B, coefficients are
equal to zero for that pole.

G, C. Temes and S. K. Mitra, Modern Filter Theory and Design, John
wiley & Sons, Inc., New York (1973).
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3.1.4 FPLOT

A plot of the frequency response (magnitude and phase) of
the low-pass digital filter is then made by the FPLOT subroutine., It is
plotted by letting

- -jwT .
z7t = e WS cos T = j sin wT

in the z domain transfer function given above.

The plots given in this report were made on a Houston
Instruments plotter using existing plotting software.’ Both the
amplitude and phase responses are plotted over the normalized range of
frequencies of zero to one. That is, the frequency scale is normalized
to the sampling frequency. FPLOT also prints the values of the digital
filter coefficients to 25 decimal places for “uture use.

3.1.5 Filter Choice

The main program then Jd~termines if a high-pass, band-pass,
or band-stop filter is desired or :f the low-pass filter is ready to be
implemented.

The transfer function for th~ required high-pass, band-pass,
or band-stop filter is obtained by - .ppropriate transformation in the
z domain of the low-pass digital filter. Band-pass and band-stop trans-~
formations result in a doubling of the filter order.

After trangformation, the ([requency characteristics of the
new filter are plotted by FPLOT.

3.1.6 FILIMP

The actual implementation of the digital filter is simple.
The FILIMP subroutine performs this function and processes the data to
he filtered. Application of the inverse 2z transform to the general form
for the z domain transfer function results in the recursive difference
equation

Yout(kT) = X(kT) + X{(kx - 1)T] ,

’Thomas V. Noon and Egon Marx, User's Manual for the Modular Analysis-
Package Libraries ANAPAC and TRANL, Harry Diamond Laboratories HDL-TR-
1782-S (September 1978).

—————————




where

X(kT) X; (kT)

]
[ lia d

X; (kT) Ag; Y (kT) + Ay Y0k = 1)7T)

- B1ixi[(k - 1)T) xi[(k - 2)T) .

- By
3.1.7 PDATA

The PDATA subroutine provides plots of the input and output
data. This routine may be easily modified to provide the ocutput data in
any desired format.

3.2 Program Use

There are at most nine parameters that must be supplied to the
program for the design of a filter. The minimum number needed is five
for the design of a Butterworth low-pass filter. This minimum set,
which is used in all designs, consists of these parameters:

a. ITYPE, the type of analog design

1 = Butterworth
2 = Chebyshev
3 = Elliptic (Cauer)

b. N, the order of the filter

c. ITRANS, corresponding to the band transformation desired

0 = None

1 = High-pass transformation
2 = Band-pass transformation
3 = Band-stop transformation

d. FC, the cutoff frequency desired (in hertz)

e, FS, the sampling frequency of the data (in hertz) to
which the filter will be normalized

18
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If a low-pass Chebyshev is gpquired, then an additional param-
eter, EPS1, the minimum allowed amplitude in the passband, also must be
entered. Similarly, for elliptic filters, EPS1 must be given along with
EPS2, the transition region selectivity factor. The maximum value for
EPS2 is 0.95. All of these parameters are read from the same data
card. These are the formats for all the data cards and the order in
which the cards are read by the program:

ITYPE,N, ITRANS,FC,FS,EPS1,EPS2
Format--3I5, 4£10.3

If ITRANS = 0, skip reading F1 and F2.

F1,F2 ;
Format--~-2E10.3

NTIMES
Format--1I5

If ITIMES = 0, skip reading VIN.

VIN
Format=-8E10. 3-~-maximum of 125 cards

Heading for low-pass design
If ITRANS = 0, skip next heading.
Heading for band transformation

If NTIMES = 0, skip next two headings.

Heading for VIN plot 1

Heading for VOUT plot

If a band transformation is specified, then an additional data
card is needed that has the lower cutoff frequency, F1 (also the high-
pass cutoff frequency), and the upper cutoff frequency, F2, for the
band-pass and band-stop filters.

Next, the number of data sample points is read. If NTIMES is set
equal to zero, then no input data are read, and the program is termi-
nated after completion of the filter design.

Separate titles are read in for the low-pass filter transfer i
function plots, any band transformation frequency plots, and the heading -
to appear on the data plots. These titles can be up to 80 characters of g
any form desired.
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A sample filter design is given now to illustrate the order and
the manner in which the data are assembled. A fourth-order elliptic
band-pass filter is chosen since this design requires input of all the
design parameters. We have this:

ITYPE = 3
N = 4
ITRANS = 2

Now let us assume that the sampling frequency is 10,000 Hz and that the
passhband is to be from 1000 to 3000 Hz. In addition, we allow the
passband amplitude to vary between 1.0 and 0.9 and minimize the transi-
tion between the passband and the stop band. This action means that the
cutoff frequency for the low-~pass design must be 2000 Hz, which is the
width of the passband. Therefore, the remaining parameters are these:

FC = 2000.0
FS = 10000.0
EPS1 = 0.9
EPS2 = 0.95
F1 = 1000.0
F2 = 3000.0

These data are given in figure 4 as they appear on the input data
cards. The plot title cards also are shown in the figure. 1If only a
low-pass design is requested, then the second title card is omitted.
Similarly, if no data points are given, then the third title card as
well as the input data cards are omitted.

The resulting printout for this example problem 1s given in
figure S. The low-pass transfer function is given in figures 6 and 7,
and the band-pass function is given in figures 8 and 9. Running this
example required 6.85 s in the central processing unit (CPU) to compile
the FORTRAN coding, 2.44 s in the CPU to link and edit the object mod-
ules with library functions, and about 2 s in the CPU to perform the
actual calculations. The filtering of 101 data points required less
than 2 s of CPU time. Additional examples of filter designs are given
in section 4.
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Figure 5. Output data for example 1.
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4. DESIGN EXAMPLES

Several examples are given in this section to illustrate the differ-
ences in the various analog designs and also to show the results of band
transformations. In addition, a simple waveform consisting of three
sinusoids at different frequencies is used to demonstrate the filtering
action of the various digital filters..

4.1 Analog Design

The three types of analog designs are discussed in section 2.
A graphical presentation of the basic differences in these three designs
is given here. A fourth~order elliptic low-pass design is given in
section 3.2. Similar fourth-order digital filters using the Butterworth
and Chebyshev analog designs are presented in figures 10 to 13. Compar-
ing these transfer functions, we can easily see that the Butterworth
filter offers the smoothest response in both the passband and the stop

band. The sharper transition from passband to stop band of the
Chebyshev design over the Butterworth is obtained at the expense of
smoothness in the passband. The elliptic design obviously has the

sharpest transition of the three designs. However, the ripple in both
the passband and the stop band is the penalty for this sharp transi-
tion. The design to use 1is chosen according to the requirements of the
specific filtering problem being considered.

4.2 Band Transformations

An example of a band-pass transformation is given in figures 8
and 9. The low-pass Butterworth filter of figures 10 and 11 was trans-
formed to a high-pass filter with a cutoff of 3000 Hz as shown in fig-
ures 14 and 15. The band-stop dual of the passband filter was made by
using the Chebyshev design and is shown in figures 16 and 17.
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4.3 Data Processing

A simple waveform was generated to illustrate the operation of
the filters on input data. The waveform used was the sum of three
sinusoids at 0.05, 0.15, and 0.35 times the sampling frequency with peak
amplitudes of 3, 2, and 5, respectively. This input waveform is shown
in figure 18, A 20th-order Butterworth low-pass design was used to
eliminate the two highest frequency sine waves, as shown in figure 19.
A filter of high order was used to demonstrate the group delay effect of
the filter. This effect shows at the beginning of the output waveform
as a delay time before any output occurs. Next, a fourth-order Butter~
worth high-pass filter was used to eliminate the two low-frequency
signals. This result is shown in figure 20. The low sampling rate
caused the distortion on the sine wave seen in this figure. The initial
design example was used to pass only the center sinusoid as shown in
figure 21. Here, again, the effect of the low sampling rate is seen as
a distortion of the waveform. However, the effect is not as great
because of the lower frequency of the sinusoid. The Chebyshev band-stop
dual of this passband filter was then used to eliminate the middle sine
wave. This waveform is given in figure 22.
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5. CONCLUSIONS AND RECOMMENDATIONS

A versatile program has been developed for designing and implemen-
ting recursive digital filters. Three well-known analog filter designs
were used with the bilinear transformation to obtain the desired digital
filters. The bilinear technique was chosen because it eliminates the
effects of aliasing that occur with other techniques. However, the
resulting warping of the frequency scale may not be acceptable in some
applications. The extent to which this warping affects the resulting
output was not investigated. Examples using the different analog de-
signs are given in section 4 along with transformations from low-pass to
high-pass, band-pass, and band-stop designs. All of the filter design
calculations as well as the implementations use the highest precision
possible for the IBM System/370 computer. No investigation was made to
determine the effects of using lower precision.

All of the equations used in developing the code are included in
appendix A, and the complete computer program code is listed in appendix
B. A bibliography of related publications also is included. This
bibliography is by no means complete since the amount of information
published seems almost endless. Although there is a large amount of
information available, no one source proved adequate in presenting all
of the steps necessary to completely develop a digital filter. It is
hoped, therefore, that this document will prove helpful to others ven-
turing into this field for the first time.

Although the program developed here is completely operable, there
are many ways in which the program may be improved or modified to better
suit a particular filtering need. Also, investigation and analysis of
the various errors associated with the techniques used should be con-
ducted.
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APPENDIX A

The following equations were used in the development of the com~
puter code for designing and implementing digital filters. All of the
equations are referenced in the main body of this report. The applica~
tion of each set of equations is given in the flow chart of the program
(fig. 3).

A-1. PREWARPING (WARP)

t
rh

;a3 e
c f m £ *
s S

A-2. BUTTERWORTH

The transfer function for a Butterworth low-pass filter of order n
is given by

H
0
H(s) = ——— ,
n

LU G

where
~n
Hy = e
;c = cutoff frequency,
~ 3[(n/2)+n(2k-1)/2n
pk = mcej[( / )/ ], k=1 2, « ¢« «, D

A-3. CHEBYSHEV

The squared magnitude function is of the form

' 1
[H(3w) 12 = PRI YIRS
1+ ezcn(m)

where

€ = ripple factor,

Cn(m) = Chebyshev polynomial.
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t
1
A A =
[H ) W o) i
1 1 ]

1 1
1 o 4
(1 + gy (L+egNh 'q
]
1
0 - 0 9

For the program, ¢ is entered as

1
EPS1=1-(—1—-;—€—2—]]7-2".

The transfer function is of the form

Hy 1
H(s)=T—"-——-“,
M- ) 5
k=1
where

P, = sin (uk) sinh (v) + j cos (uk) cosh (v) = o + jBk’ t
I

qk=-72r—n(2k-1),k=n+1,n+2,..., 2n,

j 1 A
v a sinh (E '

(n-1)/2

[2¢n+1)/2] kD1 (%2( + B,%), n odd,

1 n/2

2 4 8%), n even.

o [
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A-4. ELLIPTIC (CAUER) E

!
:
4

|niwr| 4

0 dB 1

Ap

A,

— o0 dB 0

For the normalized filter Wy = 1,

n = filter order,
W, = (“p“b)l/z =1,

k = selectivity factor = wp/wa,
Ap = maximum passband attenuation (in decibels),

A, = minimum stop-band attenuation (in decibels). :

Of the parameters » Ay k, and n, only three are independent. {
If three of the four are specified, the fourth is automatically fixed.
For this project, n, k, and Ap are specified: i

k

Ap

EPS2,

20 log (1 - EPS1).

Ay is then given by
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+

The normalized elliptic low-pass filter has a transfer function of the i
form ;j

r 2
HO s + AOi {
Hy(s) 1 5 ) i
Dy (s) =1 s© + Byys + By,

4

where [1
[

(n-1)/2, n odd,

n/2, n even,

S + Ogs N odd,

Do(s) =
1, n even.

The transfer function coefficients and multiplier constant H,; are com-
puted by using the following formulas in sequence:

K~ = (1 - k2)1/2 , ‘A-1)
1 1 - vk’
q, = 5T TF—= . (A-2)
o 2 4,/
£
Q= 9y * 29y + 1595 + 150q4° , (a-3) i
' r
-0.05Ap
1 10 + 1
A= 2n In -0.05A ' (A-4)
10 P 4

2ql/h z (_1)mqm(m+1) sinh [(2m + 1)A)

On = (A-5)
0 © ’
1+ 2 Z (-1)mqm2 cosh (2mA)
m=1
2q1 7 f (-1)Tgmim+1) sin[‘zm + 1)nu]
m=0 n
ni = o ’ (A-6)

2
1+2 § (-1)"™ cos (Zm%n)

m=1




where

i, n odd,
o= 1 =1, 2, « o« o, To

i - % , h even,

The series in equations (A-5) and (A~6) converge rapidly,

three or four terms are sufficent.

[(1 + ko)(1 + 0%/k)]1/2 .
N [(1 - kQ%)(1 - Q%/k)]l/z .

=
1}

<
i

_ 2
Roy = V95
2 2
(0g¥1)" *+ (W)
Bn: =
0i 202\2 !
0 + ocﬂi)
200V,
B, = —————
R T
: B
Di
9y [ —EI , n odd ,
i=1
HO::
-0.05a_ T
P B
0 ﬂ—o'i,neven.
Aot
i=1
A-5. FACTOR
n”
H r‘ P - 2z
0 m=,( k = *m)

R + 31, =

, L%k ,n = {

APPENDIX A

and usually

(A-7)

(A-8)

(A-9)

(A-10)

(A-11)

(A-12)

n , n even ,
, nodd ,

?
!
b
{
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L + 31 - 31
N ahe o R -k (n+1)/2 , n odd ,
H{(s) = + = , r = 3
s - p s - p n/2, n even ,
k k
k=1
21 - 27}
s = D ————
Ty 427l
r -1
_ _ AOk + A1kz
H(z") = (1 + z7Y) - —
= 1 + B1kz + BZkz -

P = w * 3B,
Ao = [Re (0 %e72) - L(3/2)] 0
A == [0 - e2) © (8, 72)] 0
By = -2 [1 = (%/2)? - (Bk/2)2:| /o,

- [(1 - @ /2)? + (ak/z)z] /D .,

(1 + ak/2)2 + (ak/z)) .

jos)
1]

@)
|

A-6. MAGNITUDE AND PHASE (FPLOT)

The frequency response of the designed digital filter is calcula-
ted by substituting e " for z7! in the transfer function and then
using complex arithmetic to obtain the magnitude and the phase as a
function of frequency.

27l s 79T -y = cos wT - j sin T ,

r

Aok + AW
HIW) = (1 + W) > -
L 1+ By W + By W

42
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APPENDIX A
A-7. HIGH-PASS TRANSFORMATION

A low-pass digital filter of cutoff frequency 0 _is first designed
for the desired order, n, and type. Let mp = the desired high~-pass
cutoff frequency.

Then substituting for z7! in the low-pass transfer function,

- z“l + a
z7b s - —_—,
1+ gzl

where

+

wp OP
cos \— 35—
(mp Bp
cos \—/ 35—

results in the transfer function of the desired high-pass filter.

X = -

r - . -1
_— - Bok * Pk?
Hypl 2 ] =(1-2 ) = -
1+ B;kz Loy Bikz <
k=1
3 Rok ~ *Pik
Ao = (1 - a) /]
} aRox = Ak
A1k = (1 - (1) D’ ’

w
]

x [2a - Byt +a?) 4 2B2ka]/D’ ,

o
|

2 .
2k = (a aBgy *+ BZk)/D ’
PR - 2
D =1 uB1k + sz .

A-B., BAND-PASS TRANSFORMATION

A low-pass digital filter of cutoff frequency B is first designed
for the desired order and type. The cutoff frequency equals the hand-
width of the desired band-pass filter, F2 - F1, where F2 and Ft are the
upper and lower cutoff frequencies (in hertz), respectively.
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A substitution for z~! in the low-pass transfer function results
in the transfer function of the desired band-pass filter.

In general, this transformation is!‘?2
- 2uk k-1
- L X R
z7l - - .
k-1 _-2 2ak
z - ~1
K+ 7zt

where

cosT!(E‘1 + FZ)T

cosT (F‘2 ~ F1)T'
k = cot [n(Fz - Fl)T] tan (nRT).

By letting k = 1, then 8 = F2 ~ F1, and the transformation is simpli-
fied.

_ _fz7! - «a
z e z l —_— .
1 - az1

The resulting band-pass transfer function has the form

n/2

- -1 .
Mz ¥ Poax
“1) 2 (1 = g2
Hgp(271) = (1 - 2 )Z 1+ B2} + B, 272
& 11k% - F Baqx?

- =1 _ a-
AjaxZ Agak

_ R~ -1 . -2
1 B12kz + 822kz

la. G. constantinides, Spectral Transformations for Digital Filters,
Proc. IEE, 117 (August 1970), 1585-1590.

2a. Antoniou, Digital Filters: Analysis and Design, McGraw-Hill Book
Co., Inc., New York (1979).
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for n even. For n odd, there is one real pole, and the trarnsfer func-
tion is of the form

A0[1 - 272)

Ho (z71) =
BP( ) 1 -al1 - B1)z_l -~ 1317."2

(n-1)/2 .- .
- Bz © * Rox
(-2 1+ B .20 485,272
L 11x 21k
AT..z"} - a-
12k 02k

- RB” -1 - -2
1 Blez + Bzzkz

A-9. BAND~STOP TRANSFORMATION

The procedure for the band-stop transformation is the same as for
the band-pass transformation. In general, the transformation is

1 -k 2a

where

COSN(F1 + FZ)T '

cosn(F2 - F1)T'
k = tan [n(FZ - F1)T] tan (nBT).

By letting k = 1, then B = F./2 - (F, = Fq), and the transforma-
tion is simplified.

Z-l *> Z—l —— .
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The resulting band-stop transfer function has the form

n/2 - -1 _ p-
- L - Ak Ao1k
ps(= ) = (1 - 207!+ 2 )Z 1 - B,z ! +B,,.272
) 11k 21k
- -1 .
RMiakZ © * Bgok ‘
- . -1 - -
1 + Bz + B,z !‘
§
for n even. For n odd, the transfer function has the form ‘
- -2
. (1 - 2027} + 272)a
HBS(Z ) =

1 - a(1 + B.‘)z-l + B1z-2

- _ (n1}/2 Mz - Mgk
+ (1 - 20z7! + 2 2) }: =T >
1 - Bi,.2 + B, Z
k=1 11k 21k !

- 1 -
AjakZ © * Agak

. -1 . -2} °
1+ B12kz + Bzzkz

A-10. FILTER IMPLEMENTATION

From the z domain general transfer equation

-1
Roi *+ Bq32

Y
W) = (e 7)) e
& 1+ Byz !l + Byze

a time-domain difference equation is obtained. The difference equation
is then used to process data samples.

Yout(kT) = X(kT) + X[(k - 1)T] ,




where

X(kT) Xi(kT),

]
I~

Xi(kT) = AOiYin(kT) + A1iYin[(k - 1T}

-B iXi[(k - 1)T] - B

1 ixi[(k - 2)T),

2
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CONTENTS

MAIN PROGRAM cesccveoscssoscscsosossassacsnassossscccrscsnocans

SUBROUTINE

SUBROUTINE

SUBROUT INE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUTINE

SUBROUT INE

SUBROUTINE

SUBROUT INE

RDATA cecevsccnsesseseossncaocsossoscsosssnsnsnscs

BUTTER cceavcscsoancccccososcosnscanorocncsocsssacase

FACTOR ccceoscccscessoccssssncccssacnssasssceossns

CHEB eveseccsssesenceaseccrsossssscessssesassossosccs

CAUER cossessvsssccoctcscrsassncssccansossnoncscsssscan

HIGHP o cecenectsscsecsecsccesescsnossrsocsassscsnscosn

FPLOT cceeoeccccaccscsossssccosasccssssccssscsnncass

BANDP tecesonscessasncccasoanscsacssseassosscnnssascsss

BANDS cecsececccecccssorsscassancnsracesssnnecesnsocse

FILIMP soscoossvsrvonsnsssossescsassssssecsossassssssoces

PLTDAT coocsesescscrsassscccssscsossscsesosssansosnsncs
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The main program and all of the subroutines for recursive digital
filters are included in this appendix. The only exceptions are standard
library functions and the plotting routine. If a machine other than an
IBM is used, it may be necessary to modify the format and data state-
ments.

B-1. MAIN PROGRAM

REAL?B A0{20), A41420), B1420)y B2¢20)y Pl A2
REAL28 AMP
COMPLEX=1b6 P{20), Z120)
COMMON FCy £S5, EPSY, EPS2y Piy ITYPE, Ny ITRANS
COMMON/VDATA/VING1000), VOUTEX000) NTIMES
COMMON/TRANS/ F1,F2
COMMON/FILT/HCy N1,W2,AMP,AD,A),A2, Bl, B2, P, Z
ITYPE~ FILVER- BUTTERWORTHE1), CHEBYSHEVE2), ELLIPTIC(3)
N - ORDER OF FILTER, 20 MAX.
ITRANS- NONE(C), 4PU1), BP(2), BSt3)
FC— CUTIFF FREQJENCY
FS~ SAMPLE FREQJENCY
EPS1 - MINIMUM AMNPLEITUDE IN PASSBAND
EPS2 - TRANSITION COEFFICEENT FOR CAUER, 0.95 MAX.
F1 - LOWER CUTUFF FREQUENCY, PASS AND STOP FILTERS ONLY
F2 — UPPER CUTOFF FREQUENCY, PASS AND STOP FILTERS DNLY
NTIMES - NUMBER OF DATA PDINTS
VIN- INPUT DATA
VOuT- OUTPUT DATA
P3=6.3DJeDATANIL.DDO)
CALL RDATA :
WC=22DTAN(PI*FC/FS)
W1=PI2F1/FS
N2:=PIsF2/FS
63 TO €10,20.303,IVYPE
1 CALL BUTTER
63 TO 40
2) CALL CHESB
G2 T0 &0
33 CaLL CAUER
4) CALL FACTOR
CALL FPLOT
JI=1TRANS+1
GO TO €100450,60,70),34
5) CALL NIGHP
60 10 80

(2 XaXaXaXaXeXaXalaka kol
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B-1.

6)

7
8)
1J90

110

B-2.

1)

22

25

1J0
3]
5)

45

%)

MAIN PROGRAM (Cont'd)

CALL BANDP

60 T0 82

CALL BANDS

CALL FPLOT
IFENTIMES.EQ.C)50 TQ 110
CALL FILIMP

CALL PLTDAT

CONTINUE

stop

END

SUBROUTINE RDATA

SUBROUTINE RDAIN

REAL®8 P!

COMMON FC, FS, EPS), EPS2, P}, ITYPE, N, BITRANS
COMMON/VDATAZ/VINCEIO00), VOUTEIO0OO),NTIMES
COMMON/TRANS/ F1,F2

READ(S,10) 1TYPE, N, MTRANS, FC,FS,EPS]), EPS2
FORMAT €315, 4E1).3)

F2:=0

F1=F2

IF CITRANS.EQ.D) GO TO 100

READ(5,20) F1,F2

FORMATC2E10.3)

READI5,25INTINES

FORMAT(IS)

IFINTIMES.EGC.ORSD T0 50

JJ=ENTINES+T)/B

00 107 XK=1,JJ

L=(K-1)28+}

M=K28

READES430)EVINII) ) =L ,M)

FORMAT(8EL0.3)

CONTINUE

NRITECL,45)

FORMATA/ /777 oSYSHITYPE JTXIHN 6 XOHITRANS 9X2HFC, 13 X2HFS, 1 2XGHEPS],

11IX4HEPS 2,1 2X2HF ) o1 3X 2HF 2)

MRITELG6440) ITYPE, N, JTRANS, FC, FS, EPS), EPS2, F}, F¥2

FORMAT§/,3(5X1I5), 6I5XEL10.3),/7/7)
RETURN
END

P
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B-3. SUBROUTINE BUTTER

___.,..,_,-_.‘

SUBROJTINE BUTIER
REAL®B AOC20), A2§2D), B1t20), B2420), P1,PH}
COMPLEXS16 PU20}, Z820) :
COMMON FCy FS, EPS1, EPS2, Pl, ITYPE, N, ITRANS 3
COMMON/FILT/WC, W1 4W2,AMP,AO,AL,A2, 81, 82, P, Z b
REALSB AMP,A2
A=N
K=N~2¢INTUIN/2.)
DD 20 I=1,N »
B=} b
1FEK.EQ.0) 61 71 5
; PHI=PISg(A®1)/2.0+B-1.0)2A i g
. 60 10 1) ' 4
5 PHI=P12¢1.0/(2.02A)+{B~1.0)/A40.5) i
17 PUL)= WCSDCMPLX(DCOSI{PHIBLOSINIPHI))
2) CONTINUE
AMP:=WC 28N
RETURN
END

B-4. SUBROUTINE FACTOR

SUBROUTINE FACTIR ‘
REAL®8 AMP ,
REAL®S AO€2 ), A3€20), B1120), B2820), P}, RR,R1,0D, AK, BK,A2 !
COMPLEX216 P¢20), 2€20), RE20), X T
COMMON FC, FS, EPS), EPS2, P}, ITYPE, N, BITRANS |
] COMMON/ZFILT/NC, W1,H2,AMP,AD,A1,A2, B1, B2, P, Z |
A2:=1.0D0
K= INTEtNe1)/2.)
] D0 SO 1=1,K

X=DCMPLX€1}.000, 0.000)

D0 20 J=1,N

IF CJ.EQ.2) 50 1D 20

X=Xs§PII)-PLJI))
2 CONTINUE

REY)= AMP/X

1F¢N.EQ.1)60 TO 32

X=DCMPLX{1.0D0,9.200}

IFCITYPE.NE.3)63 TO S50
r KK=2#¢N/ 2}
f 00 30 J=1,KK
X=Xe(Pl1)-Z4J))
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B-4. SUBROUTINE FACTOR (Cont'd)

3) CONTINUE
REI)=REL}IoX
AMP =AMP3 (KK+1-N) .
5) CONTINUE !
IFCITYPE .NE.3)A4P=0.000 !
D0 100 1:=1,K
RR=DREAL(RE1))
RI=DIMAG§R(I))
AK=-DREALIP(1))30.5D0
BK= DIMAGEP(I1))®).5D0
D=81.0D3¢ AK)9524BK ¢82
AOC1)=(RRSt1.0DJI+AK) - RESBKI/D :
ALUI)=-URR241.020-4K)+R]1$BK)/D P
Bl(})= =2.0DJ%§} .)D0~AKS#2-BKS%2)/D
B2U1)=€(1.00)-AK)se2eBK®82)/D 5
130  CONTINUE A
J=2%K-N 3
JFU1.EQ.00G0 TO 11D
ADEK)=ADEKYZ2
BLE{K)=Bl(K)/2 :
A1¢(K}=0. |
B2(K}=0.
110 RETURN '
END |

!
4
B-5. SUBROUTINE CHEB ]
|
i

SUBROUTINE CHEB

COMMON/FILT/NCy W1oW2,AMP,AO04,A1,A2, Bl, B2, P, 1
COMMON FC, FS, EPS)s EPS2y Pl, ITYPE, N, MITRANS
COMPLEX2*16 FI120), 2120}

REAL=8 AQL2U), A2620), B2E20), B2(20)

REAL®B CHV,SAVe¥V o) AMP,P1,A2
EPS1=SQRTI1.O/EPS1ee2-1.0)

A2=1.000

A=N
V=DLOGC1.0ODO/EPSI+DSQRTE1.0D0#3.0DO/EPS1e82})/A
CHV=(DEXPLV)+DEXPE-V? /2000
SHY=(DEXPIV}-DEXPE-V)}])/2.000

JJ=EN*1)/2

DO SO 1=1,N

U=P1242.000*(]+N]1-3.000)/82.0D00%A)
PET)=NC2DCMPLXIDSINEUD®SHY, ~DCDSEULSCHY)




51

15
8)

9]

130

125

2)

3)

B-5.

10

APPENDIX B

SUBROUTINE CHEB (Cont‘d)

CONTINUE

K=N=22J4J

AMP=1.000

IF(K.EQ.CIGL 1O 93

J33=3J-1

[F(N.ET. QG0 TD 83

DO 75 k=1,J4

ANP =AMPICOREALLPC{I) )222+DIMAGIPAT})02)
CONTINUE

AMP=AMPIOREALIPLII®]IDY

60 10 125

00 100 I=1,4J

AMP=AMP 2 (DREALIPII) 12320 DFIMAGLPLL) )Y *52)
CONTINUE

AMP=AMP/OSQRT ({1.0D0EPS1922)

RETURN

END

SUBROUTINE CAUER

SUBROUTINE CAUER

COMMONZFILT/HCs Nl yW2,AMP,AO AL A2, B}, B2, P, 1
COMMON FCy FS, EPSY, EPS2, PI, 1TYPE, N, 1TRANS
REAL28 AMP gQeAgSOoN +0,V

REALSB AQE20), A2¢20), B2120), B2820), PY,A2
COMPLEX216 2820),PL20)

$0=0.0020

W =0.0DD

G=€1.000-0BLE(EPS2)ee2}s2(0,25)
C=0.5002¢11.0D0~-0)/711.0D020))

AMP=1.000

0=042.080%%5015,.0209%94150 .02(se]13
A=DBLECEPS])
A=0L06G(§2.000/8¢).0D0}/43.0D0/7A-1.0003)/7C2.02N}
0=0.000

03 10 1=1,100

M=1-1

$S0=S0¢0-1,0D0)o2n2p>otMsR)SDSINHE( oM ) 2A]L
IFCW.EQ.SO)GD T3 20

¥=350

DO 30 12134100
0z04(-31.0D0)s=)oQoe{]¢]1)DCOSHE2.021¢A)
IFIO0.EQ.N)G0 10 &

¥=0
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B-6.

[ /]

5)
6)

1)
80

120

150
220

SUBROUTINE CAUER (Cont'Qd)

$0:=DABS(2.,%083(0.25)250/701.00042.0*0))

C=N

W=DSQRTEI1..D"eEPS2250%52)3§%.0D0+50°22/EPS2))
1FIN.EQ.1)60 TO 100
JJ=N/2
U=(223J¢1-K)/2.)

00 100 1=1,J4
0=0.0D0D

V=0
DO 50 J3=1,10042
M=Jg-1
0=4-1.0)9aM=Q020(M3J)8DSINC(M2JJePIagFLOATLI}=S)/CR e
M=J]
U=€-1.0)82J5Qs0 (M J)SDSINU(M2J)eP)o¢FLOATIL)-UD/C)+D
1FE0.EQ. VIGO0 TD 60

v=0
=0.000

A

70 J=1,100,2

<

44-1.010sMoQss UK )sDCOSL2.00MeP1LFLOATELR)-U)/C)
Je1
V=V4+{-1.0)3sM2Qes (MM )sD(0SE2.0MsPI*(FLOATEI)-U)/C)
1FEVv.EQ.AJGC T3 8D
A=V
0=2.020%2{0.25)20/81.00042.08V)
V=01.0D0-EPS22030)* () .000-0°0D/EPS2)
V=DSQRT V]
Z81)=DCMPLXt0.020,1.000/70)8udC
ZIN+1-1)=DCUNJGEZED )Y
A=1.000¢(S0%0)s22
PER)=DCAPLXUE-508V/A 03N/ A)SHC
PIN+1-1)=DCONJL(PIE)]
AMP =AMP2(20=(($S)2v]) 2c2¢{(02W)232)/A222
CONTINUE

K=N=23(N/2)
IFIK.EQ.0)60 TO 150
PLIN+1)/2)=DCMPLXE-502KC40.000)
AMP=AMPeSOek(
GO T0 200
AMP=AMPSEPSI]
CONTINUE
RETURN
END

(L LB T == I T |

A XO<>D>

X

B e .




B-7.

100

B-8.

8)5

830
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SUBROUTINE HIGHP

SUBROUTINE HIGHP

REAL®B AOC2 ), AlC2V), B2C20)}, B2(20)}, P1
REAL3B AMP,.A2

REAL=8 AP,AUD,A11,B11,B22,D

COMMON FC, FS, tPS1, EPS2, PR,y JTYPE, N,y PTRANS
COMMON/FILT/WC, W1,K2,AMP,A0,A1,A2, BY, B2, P, 1
W3=P1*F(C/FS

A2=-1.000

AP=—COSENI*N3)/ 0S(N]1-W3)

DO 100 K=14N

0=1.000-B1IK)=>AP+B2 (K )}SAPSAP

AOU=6A0(K)~AT (K}*AP}2>(2.0D0O-AP)/D
A13=CA0CK)}SAP-AL (K} I283.0D0—=AP}/D
Bl11=tAPsAP-B1(K)} 211 .0DO%APSAP]}+2.0D0%B2(K)®AP}/D
B22={AP*AP-AP=31(R)+B2(K))}/D

ADEKI=ADD

AldK)=Al1

BleK}=8B11

B2(K)=B22

CONTINUE

RETURN

END

SUBROUTINE FPLOT

SUBROUTINE FPLOT

COMMON FC, FS, EPS), EPS2, PJ}, BTYPE, Ng ITRANS
COMMON/FILT/NC, W1oW2,AMP,ADoAX,A2, B1, B2, P, 1
REAL®8 AMP

REAL®8 A0(20), A2420), BRL20}, B2U20), Pl,A2
DIMENSION F(251),HEUNT(252),PHIL25]1}

DIMENSION XLABI2) ,YLABIC2) ,YLAB2€2),HEADCL0),SUBHI2)
DATA YLAB2{1),YLAB282)/8HPHASE (D 4BHEG) /
DATA YLABIL]),YLAB1(2)/8HANMPLETUD,BHE /
DATA XLABU1).XLABUI2)/BHFREQUENC,BHY (F/FS)/
WRITE(6,800)

JJ=(INe1} /2

DO 805 1=1,4J
WRITE(6,801)A041),A261),BLC1D,B2¢E1)
WRITES6,B802)AMP,A2

FORMATE16X2HA 'g32X2HA1,32X2HB] 332X2HB2,7/7)
FORMATS1P4(1XQ32.25))
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8dj2

1)

52

130

SUBROUTINE FPLOT (Cont'qd)

FORMAT (G X6HAMP = ,iPQ32.25,10X5HA2 = ,0PF4 .01}
JJ= (Nel) /2

READES10) ¢tHEADEL),1=1,10)
FORMAY(10A8)

D3 100 1=1,250

A=1-1

FEI)=A/249."

WN=2.0%PI2F (1)

C=COs¢tw)

S=SINtN]

PHIELE}=D.

HEJSWTEI)=0.

DO SO K=1,J4J

CN=AOLK)#AL (K }sl

DN=~Al{iK])2S
(D=1.0¢B1IK)2(Ce321K)282.00Ce(~-}.0])
DD=B1UK)}2$S+42.0%32§K)3(»S

00=-DD

EE=CDeCD4DD2DD

FF=C¢CN*{D+DN2>DD) /EE

EE= (DN*(D-~-DOSCN) /EE

HEJUTEE) =HESWTCL ) oFF
PHIGI)=zPHLIC ) +EE

CONTINUE

FF=01.0D0¢AZ*CISHESNT EI) ¢SoPHILT1oA2 +AMP
EE=C1.0D0¢R20C)SPHIC]I )-SSHEJWT L] ) 2A2
HEJWTE3) =SOQRTIEESEE*EFEF)
PHIGI)=ATANZGEE,FF)
PHILI)=PHIL])}*)30.0/P1I

CONTINUVE

CALL DRAWIDEL 46,4420,04,250,2.,0.+XLAB,
1 YLABL,HEAD, SUBHF (HEJNWT)
Ftir=0.0

CALL ORAWID(],6,6,20,0,250,2.0,0.:XLAB,
1YLAB2,HEAD ¢ SUBHoF 4 PHI )
RETURN

END




B-9. SUBROUTINE BANDP APPENDIX B

SUBROUTINE BANDP
COMMON/ZFILY/ZNCy W1 N2 ,AMPLAD AL sA2y B), B2, P,y 2
CONMON FC, FS, EPSY, EPS2y P, ITYPE, N, BTRANS
REALS®B AQ(20), A2120), B1IE20), B2L20)y Pl A2 ,AMP
COMPLEX236 2C20),PL20)4PPy0sR ¢S T,V
REAL28 ( ,D,AL,E,F
A2=0.000
AL=DCOStDBLECWI*W2) )/7DCUSIDBLELNZ 1))
JJ=N/2
IFIN.EQ.2)G0 TO 50
DO SO 1=1,JJ
AMP=AMPSADI(])
C=B2¢1)~-B1L1)*%2/4.0D0
IFEC.LE.0.000160 10 40
PP=DCMPLX{-B1i1)/72.0D00,DSQGRTCC))
Q=CA0C1)oPP3PP+(AJLI)*AL L)) )oPPoDCMPLXEALES) 0.000))
1/70CMPLXE0.0D042.0009D IMAGLPP]))
V=DCMPLX(1.0D042.3D01}
S=AL2tVePP)/2.000
R=S+CDSQART(S*S~PP)
$xS~COSART (S *S5~PP)
T=0%(AL3R-V])/(R-S)
U=Q*tAL>S-¥}/7{S-R)
C=DREAL(R)
D=DIMAGER]
E=DREALT)
F=DIMAGLT)
Fz=-2.020C*E+D>F}
D=CeCeDs0
C=’2.0‘C
E=2.0%E
- ARP=AMPF/D
ADC1)=-F/D
AX(1)=E-Fe(/D
Biil)=C
B2¢1)=0
K=(N*1)/ 291}
C=DREALLS)
D=DIMAGLS)
E=DREAL LY}
F=DIMAGRU)
Fz=2.,00¢CoE+02F)
D=CsCeDsD
C=~2 -0‘(
E=2.0%E
AMP=AMPsF/D
AOEIK)==F /D
AJEK)=E-Fe(C/D
BliK)=(
82¢X)=D
60 10 50 59
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B-9. SUBROUTINE BANDP (Cont'd)

%) C=DSQRTL-C)
D=-B141)/2..,D0eC '
C=-8141)/2.000-C 1
E=CAOCII3C2CetADC1 ) sALC1))3CoARE3D)/8C~D) [
F=GAOE1)eDeDe(AILI)*AI(I)ISDOATCI})ZED~C)
AMP=AMP-E/C-F/D
ADLT)=E/C :
AT(1)=-AL2E/C
Blg1)=-AL®(1.0D)¢) ]
B2¢1)=C
K={N+1)/2¢])
AOIK)=F/D
AlEK)==AL®F /D
Bl¢(K)=-AL®(1.0D)eD)
B2¢K}=D

5) CONTINUE
K=N=284J
1FE¢K.EQ.0)60 7O 120 i
AMP=AMPeADIN) /Bl (N)

D=B1(N)
C=A0UN}®(1.5D0-1.0/D]}
K=t(N®1}/2

ADIK)=C

AlIK)=-ALSC
BIE(K)=AL®(D-1.0)0) ,
B2(K)=-D

120 N=28N
RETURN
END

B-10. SUBROUTINE BANDS

SUBROUTINE BANDS

COMMONZFILT/Z7dCy W1,M2 sAMP,AO A2 ,A2, Bl, B2s P, Z
COMMON FCo FSe SPSL, EPS2, P, ITYPE, N, I1TRANS
REAL®S AOC20), 814200, B1(20}, B2(20), PI,A2,AMP
COMPLEX®16 2€20)sP820)sPPy@yRsSsT oUyV

REALSB CoDsALsEsFoXoC2,C2 :
A2=0.0D0 !
AL=DCOSEDBLE(NI®N2) }/DCOSEDBLE (N2~W))) :
3J=N/2 !
X=DTANCDBLE (N2-41) ) SDTANGPISFC/FS)

C1=2.00AL/7(X41.30))

€2=41.0D0~X)/EX+1.0D0)
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B-10.

APPENDIX B

SUBROUTINE BANDS (Cont'q)

IFEINLEQ.IIGE TO 53

DO S0 1=),J44
V=DCMPLX{EX.7D042.300)
AMP=AMPoAD(])
C=82¢11)-B1€1)202/4.0D0
JFECLE.0.0DD)IGD 10 40
PP=DCMPLXL-B1(1)/72.0D00,DSQRT (1)
Q=CA0L))*PP»PPs{ADE})2AL L)) =PPoDIMNPLXEATE]),0.000))
L/DCMPLXEOLUDD,2,.0D02DIMAGEPP )
Q=0202/7UV-PP=2(2)
AMP=AMP+2.0=DREALID)
S=C13{N-PP) /7 {{V-(C28PP)32,0)
T=6C23V-PP)/E{V=-"23PP)
R=S+COSQARTL(S»S-T)
$=8S-CDSQRY(S5+5-1)
T=Q84RIR-C1/L234V/(C2)/¢LR-S)
U=0el9sS-C1/C0285ev/C2)/¢5-K])
C=DREAL(R)

D=DIMAGLR)

E=DREALLT)

F=DIMAGET)

F==2.020C2E+D3F)

0=C3(Cs+D*D

(==~2.09(

£=2.0sE

AMP=AMP+F/D

ADS1)=~F/D

A1E1)=E-F3C/D

Breld=C

B241)=D

K=(N+1)/2+1

C=DREALLS)

D=DIMAGLS)

E=DREALU)

F=DIMAGLU)

Fx-2.0(C*E+D=F)

D=(CeCeDeD

C=-Z .0°C

E=2.08E

AMP =AMPeF/D

ADEK)==F /D

AYEK)=E-F2C/D

B1ix)=C

82LK)=D

6O T0 50
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D=-81412}/2.0DNel

C==-B111)/2.000-C :

E=CAOE1)sC2CoAdL1D0ALL1)DCarl )}/ (C-D) _

F=¢AOLL) 202D+ §AD(1)+ALE1))3DARLI))/€D-C) t

AMP=AMP*E/L(C2-C)oF/ 1C2-D?

ADE1)=E92(C2/(1.3D020C2)-1.0/8C2-C})}

ATQI)=-EsC1=(Ce(2)/81.0D00C2)092

Bi€I)=C1%tC-1.000)741.000+C2)

B241)=4C2-C)/711.0004C2)

K=1+N

B2EK)=(02-D)/€1.0D0+C2)

B1iK)=C1s(D-1.0D0)7¢€¢1.0D04(C2)

AOEK)I=Fo1C2/(1.3D0eC2)-10/76C2~0))

AliEK)=-FeoC)o(Del2)/711.0D0¢C2)pes2
50 CONTINUE

K=N-23)J

IF{XK .EQ.0) GO T3 100

K=EN®})/2

AMP=AMPAAOLK)

D=B1¢K)

C=A0(IK)/£1.0D0¢B838K)2C2)*11.0D0-D)

B2IK}=8C2+D)/€1.000+C29D)

B1EK)==C1#4De1.0D3)/81.0D0#C23D) |

AMP =AHPsC/B2(K)

APPENDIX B ;
B-10. SUBROUTINE BANDS (Cont'd) ‘ ‘
i

4) C=DSQRT¢-C) {
i

AOEK)=CeC2~C/B2LK) 4

A1UK)=—C1eC~ C*314K)}/B2IXK) J
100 N=2eN

RETURN

END

B-11. SUBROUTINE FILIMP

SUBROJUTINE FILIAP

COMMON FC, FS, EPS1, EPS2, P13, ITYPE, N, BTRANS
REAL®B AMP

REAL28 AOL20), A1R20)}, B1C20), B2€20), PE,A2
COMMON/VOATAZ VINLIO0OD),YOUTE2000) 4NTIMES
COMMON/FILT/NHCe W1oW2,AMP,AD,AL,A2, Bl, B2, P,
REAL®*B YKL12,20), YSUM], YSUM2, YTEM

YSUMLI=0.0

YSUM2:=0.0

JJ=(Ne1) /2

DO 10 K=1.J4J

iR o
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B-11. SUBROUTINE FILIMP (Cont'd)

YKE2,K)=A0EK)=¥VINE))
Y61 X )=AOLKISVINC2IOCALEKD-BILK)ISADEXD BV INEL)
YSUM2=YSUM2+YKE2,K)
YSUMI=YSUMI+YKUT oK) T
13 CONTINUE i
VOUT(1)=YSUM2 ﬂ
VOUTE2)=YSUM] 4
DD 50 J=3,NTIMES |
YSUN2=YSUN]
YSUN1=0.0
DD 40 K=1, JJ
YTEM=AQEKISVINELD+ALERDIOVINLI-])
1-BIEK)I2YKEL,K)-82(K)*YK(2,K)
YKE2,K =YKL ,K)
YKE1,K)zYTEM
YSUMI=YSUMD+YTEN
4) CONTINUE
VOUTEI)=YSUML+YSUN22A2 SANPSYINIEY)
h 5) CONTINUE

RETURN
END ;

B~12. SUBROUTINE PLTDAT f

SUBROUTINE PLTOAT
COMMONZVDATA/VINE1200)80UTE(2000),NTIHES
COMMON FC,FS
DIMENSION HEADULO) ¢XLABE2) J¥LABS2},T€1000)
DATA XLABS1),XLAB(2)/78HTIME §SE,B8HCONDS) 7
DATA SUB1.SUB2/SNVIN »SHVOUT /
DATA YLABG1),YLABE2)Z8HANPLITUD,BHE /
DO 20 1=1,NTIMES
23 TCEI=01-13/FS
READ(S,20) (HEADLD) ,1=2,10)
1 EORMAT (10AB)
CALL ORAMID 61 ¢he%e2092 NTEMES, 2090 voXLABLYLAB,HEAD ,SUB1,T,VIN)
READIS,10) (HEADERD ,1=1,10) 1
CALL ORANIO (1 4654020,2 NTIMES,2.40.oXLABLYLAB HEAD (SUB2,T,VEUT"
RETURN
END {
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